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1. INTRODUCTION

Over the past decade, finite cicment (FE) analysis of a conventionally launched projectile subjected
to pressure loading has become a necessary step in the munition design process. A methodology has been
developed which allows for a iwo-dimensional, quasi-static analysis, that is, a static balance between peak
pressure and a resisting body force acceleration.  Techniques for simplificd modceling ot threaded

interfaces, fins, and nosctips have also been formulated.

Elcctromagnetic (EM) railguns diffcr from conventional propellant gun sysiems in that they do not
usc a pressure load on the surface of a projectile as the propulsion force. but a body force acceleration,
provided by current conducted through a solid armature in a magnctic ficld. The mode of operation of
EM guns has been detailed elsewhere, and the interested rcader is encouraged 1o review the intomation

presented in the literature (Price et al. 1987: Jamison and Burden 1989, Mongeau 194901

While EM guns and gas pressure guns are different, the means of examiming 4 projeciie’s structural
intcgrity arc the same. Various assumptions are required when modehing the projecule geometry 1o allow
for a two-dimensional quasi-static analysis.  Many of the technigques vabidated in previous projectile
analyses of conventional gun systems have application in EM projectile analysis and will be utilized here
The details of these modeling assumptions and the results of the subsequent analysis will be a pnman

focus of this rcport.

One concemn unigue to the EM projectile designer is the shortened rise time of the foree toading
comparison Lo that of gas pressurc. While this capability may be benelicial by allowing tor shorter barred
lengths, it may possibly introduce stress waves (o the structure leading to clevated sress states that mas
be catastrophic. A quasi-static analysis would fail to account for these dynarmic etiects Thus, when
dealing with reduced rise times itis important 1o perform a transient dynamic analysis The commeraally
available FE code ANSYS (DcSalvo and Gorman 1989) was used for the analyses detaled o this report
because of its ability to determine structural response under time-dependent loading. Fuve ditferent load
profiles were considered for the transient analysis. The inital static analysis utilized the two peak foadings
from the five load profiles. Ultimately, the influcnce of pulse shape is assessed as a functon of the

projectile stress-stalc.



It is important to point out that this work was performed with the intention of developing a generic
EM projectile design and analysis methodology using finite clement techniques. The projectile modeled
served only as a vehicle on which 1o refine the modcling technique, with the analysis not intended 1o

produce a design with tactical applications.

2. PROJECTILE DESIGN AND MODELING

The projectile design under consideration is the result of a design study to support the Cannon Caliber
Electromagnetic Launcher (CCEML) effort. The methodology used to attain an integrated launch package
design considers the target performance at range and was first used for the 0.60-cal. armor-picrcing
fin-stabilized discarding armawre (APFSDA) projectile package (Ziclinski 1991). Subscquent to that
analysis, the methodology was applicd 10 a cannon-caliber type launcher (Ziclinski 1990). The design

procedure uses static, simplificd mechanical analysis to determine rod and armature structural integrity.

The selected APFSDA configuration which satisfied the CCEML performance requirements has a
23-mm bore diameter. a 0.194-1b (88-g) launch mass, and a muzzle velocity of 7,710 fi/s (2,350 m/s).
Also, the analysis assumed a sinusoidal current pulse, with the half-cycle terminated at the end of the 2-m

barrel length (Ziclinski 1993).

A plastic-composite fin assembly with four blades attached was incorporated in the design to provide
a means of flight stabilization. Figure 1 shows a complcte assembly of the EM projectile. A dimensioned
drawing of the sabot/armature is shown in Figurc 2. Notc, the integrated launch package is not
axisymmetric. To simplify the analysis and keep it two-dimensional, it was decided to adjust the density
of the asymmetric armature over its rear .9 in (2.3 cm). The resultant density was 65% that of aluminum
and allowed for this rear portion of the amature to be modcled as a cylinder. The specific calculations
for determining this value arc presented in the Appendix. Figures 3 and 4 arc provided to show the

geometrics of the penetrator and fin hub, respectively.

A few other assumptions were made to simplify the gcometry of the FE model. The mass of the fin
blades was lumped into the fin hub to allow for cylindrical modcling of the tail section. A similar
approach was taken in squaring off the penctrator nose. {n both cascs, the length of the cylindrical masses

was chosen to keep the center of gravity of the entire structure from shifting.
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Figure 1. Assembly drawing of EM projectile.
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Initially, it was decided to model each of the 34 tecth of the penetrator and sabot along their interface.
Figure S shows the grid pattern used for cach groove, with 16 elements utilized in both penetrator and
sabot. Nodes were shared between the penctrator and sabot along the driving flank of each tooth and are
therefore, in effect, bonded. A 0.001-in (0.00254-cm) gap was modeled between the nondriving surfaces
of the teeth.

The rear nongrooved interface of the penetrator and sabot was modecled with gap elements provided
in the ANSYS code which allow for sliding and opening along the interface. It is important not to bond
the nodes between these two structures because this would provide an additional driving surface and allow

for stress relief of the armature via additional load being carried by the tungsten core.

The final decision to be made for the modeling cffon concerned the way to represent the EM loading.
Previous analytical work has shown that the current density through the armature is concentrated heavily
towards the rear of the armature (Powell, Walbenrt, and Ziclinski 1993). While ANSYS has the capability
of placing intemal force loads within a structure, it was decided to adopt a simplified approach.
Therefore, the approach adopted applied a pressurc along the back surface of the armature to provide a
force equivalent to the actual EM load. It was desired to investigate two different load cases, one
providing a peak force of 39,500 Ibf (176 kN) and a second having a peak of 52,600 1bf (234 kN).
Newton's Second Law of Motion was used to calculate accelerations of 201,000 and 268,000 g's for the
two cases. The applied pressures were calculated by dividing the previous peak forces by the area of the
armaturc over which the pressure is to be applied. The resultant pressure values used in the FE analysis

were 70,860 psi (489 MPa) for the less severe load case and 94,212 psi (650 MPa) for the high load case.

The final modeled geometry of the projectile is displayed in Figure 6. There are more than 3,300
elements due to the detailed modeling of the grooved interface region. Radial constraints were placed
along the top of the sabot/armature to represent the presence of the gun barrel. This geometry model, with

the less severc load case (176 kN), was used to begin the analysis.
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3. RESULTS OF THE PRELIMINARY ANALYSIS

The initial analysis of the projectile described in the previous section showed extremely high stresses
in the rear tecth of the penctrator/sabot interface. The model also experienced numerical convergence
problems associated with the use of gap elements. The material properties of the aluminum were extended
10 include the plastic regime to allow deformation in an attempt to reduce stresses. Also, the ANSYS
manual suggested that ramping the load to its peak value would aid in the convergence of the gap
elements, and this advice was followed (DeSalvo and Gorman 1989). The mass of the model was
calculated by the code to be 0.196 1b (89 g), which agreed with the previously calculated value and

provided confidence that the geometry model of the projectile was correct (Zielinski 1990).

With multiple load steps and a plasticity model for the aluminum incorporated, the model was rerun.
Again, the results showed cxcessive stress levels in the rear tecth, but the sabot exhibited severe
deformation with convergence of the gap clements achicved. This information led to efforts to reduce the

stresses present in the projeciile.

At this point in the analysis cffort, a hardware problem was encountered with the computer system
in use. The FE work had been performed on a RISC-based processor in a HP730 workstation. This
system has the ability to process 76 million instructions per second (MIPS). An analysis of the EM
projectile with plasticity material models, gap clements, and multiple load steps required approximately
8 1/2 hours to complcte. With this system down, the available alternative was a Motorola-based processor
on an Apollo ring, capable of processing 7.5 MIPS. Thus, continuing on with the present model would
have taken at least 10 times longer to perform an analysis run than on the HP machinc. Facing the
prospect of a 3-1/2 day run per quasi-static run on the slower system and with even lengthier runs

resulting from transicnt analyscs, it was decided to modify the grid of the FE model.

Cirst, the grooved interface was modeiced using a material that represented the tungsten-aluminum
matced tecth. This material was given a density equal to onc-half the sum of the densities of tungsten and
aluminum to represent this interface to maintain a correct projectilc mass. The maicrial was then given
an clastic modulus cqual to that of aluminum since this is the less stiff of the two materials which
comprise the interface region. This procedure has become commonplace in the analysis of conventional,
gas pressure loaded, projectile analysis (Sorensen 1991). Adoption of these assumptions for the grooved

interface allowed for the use of a much coarscr mesh.




Another decision made 1o reduce the complexity of the analysis, and subscquently reduce run time,
was 10 ccase with the use of gap clements along the nongrooved penctrator/ammature interface, thereby
climinating the need 10 perform multiple load steps.  [Instead, the elements in this region were given very
small valucs for the clastic modulus in the radial dircction. This was done so as not to allow for the

transfer of load from the armature to the pencetrator and antificially reduce the stress level.

The modifications previously outlined were incorporated. the analysis was continucd on the Apollo
ring, and the results mirrored those obtained previously. Again, the rear tooth region showed excessive
stress levels with plastic deformation of the sabot leading to the belief that the new model on the new
machine was consistent with the work donc previously. Therefore, cfforts were initiated to reduce the

stress state.

4. ANALYSIS OF THE MODIFIED PROJECTILE

It was felt that increasing the length of the grooved interface would greatly reduce the magnitude of
the stress contours through the projectile. Therefore, the length of the grooves was cxtended o span the
cntire length of the penctrator/sabot surface. The convention of employing an adjusted material for the
annular grooves wias continued and climinated the need to reduce the modulus of material along the rear

of the imertace as had been previously assumed. The plasticity matenial modcel was also dropped.

The results of this analysis showed that the stress contours had been reduced 10 acceptable levels. A
color plot is shown in Figurc 7 with the stress levels listed at the right and given in pounds per squarc
inch (psi). The maximum stress in the rod is scen to be 157 ksi (1,080 MPa), well below its yicld valuce
of 246 ksi (1,690 MPa). A look at the aluminum sabot shows a maximum through cffective von Mises
stress of 54 ksi (370 MPa), also well below its yicld value of 82 ksi (565 MPa). The stresses in the axial
dircction were scen, as expected, 1o be approximately 70 ksi (483 MPa), the applied pressure toad. The
maximum clfcctive stress value docs net have as high 4 level as the applied pressure duce to the radial
constraints imposcd on the boreriders which assists in spreading the load 1o the hoop direction. An clastic-
plastic analysis of the redesign was also performed with litde change 10 the stress values, which is as

cxpected since the stress levels fell well shont of the material clastic limits.

Another case which increased the length of the grooved interface over that of the onginal design but

left 0.13 in (0.33 ¢cmy ungrooved at the rear was run. For this case. the maximum cffective stress in the

L]



Figure 7 Stress contours in 23-mm projectile with. peak torce ol 176 kN

penetrator remained at 157 ksi ¢1.080 MPa), but the sabot through stress rose 2097 Thus, it was decided

o stay wirh the fully grooved interface design for the high load case.

Fhe more severe load profile resulted ina peak stress of 210 ksi (1448 MPa) across the rod with a
maximun through stress contour ol 72 kst 1396 MPay in the sabot. A contour plot of the projectile stress
fevels is shown in Figure X, with Figure 9 providing a blown-up view of the sabot/armature. Again. these
are ettectve von Mises stress values  Examination of axial stress levels along the rear of the armature
sxceeded 93 kst (653 MPw Once again, the explanavon for the difference between cffective and axial
stress vatues lies in the boundary condition assumption of no radial displacement on the bore-riding
surface which assists in loading the projectile in the hoop direction. There is, however, a concemn about
the boundary condition assumption employed, which is the same as that typically used in the analysis of

sas pressure launches. For an EM launch, the magnetic field in the barrel tends to cause the rails to

L oseparate (Ziclinskio Kesenan, and Beno 198%), thus Irecing the armature o move radially outward

13

Another point to note trom Figure 918 the Targe compression stress along the base of the armature at the
rear of the mtertace Part of the reason tor this tocahized high stress is the square geometry ot the model

i this region as well as the very small clement size used o model the peometry This arca ol stress

¢ Fodtcowoy Pape insor om0 i otk



907. 428
24094
47280
70466
93652
116838
140025
163211
186397
209583

907. 428
18691
36475
54258
72042
89825
107609
125392
143176
160959




concentration is something which could be handled by a change in geometry of the design. Since the
scope of this effort is on development of the analysis techniques and not on design techniques, no physical
changes were made. In an actual design effort, this stress concentration would need to be further
addressed.

Another case of the high load profile was run with the radial boundary constraint removed, providing
the ammature with complete freedem of outward movement. While it is recognized that this too is not an
accurate physical mode! (the rails do provide some restriction on the amature’s radial motion), it was felt
that this case, accompanied with the previous one, would bracket the range of possible armature motion
and the stresses which result. Lacking a true representation of the rail separation, this was felt to be the

best approach.

The results of the unconstrained case are shown in Figure 10, and not unexpectedly, the effective
stress through the ammature has risen appreciably to 92.5 ksi (638 MPa), a 27% increase. The lack of a
radial constraint reduces the load carrying capability in the hoop direction. This also causes an increase
in the penetrator stress to 223 ksi (1,538 MPa). This then points up the importance of establishing
realistic boundary conditions when performing the FE analysis. A poor choice of boundary conditions
can lead to a projectile which lacks sufficient robusiness to withstand launch conditions being deemed
acceptable. This highlights the point that the FE codes are tools which provide results only as accurate
as the physical reality of the input.

5. TRANSIENT ANALYSIS

Previous work has shown the shorter rise times typical of EM launches can lead to an amplification
of the stress levels due to the generation of stress waves (Bannister, Burton, and Drysdale 1991). While
that work focuscd on a lengthier projectile subjected to a much shorter rise time loading than the cases
under consideration here for the 23-mm projectile, it remains important to consider the effects of stress
waves for projectile loadings whose risc times approach the time required for these waves to sufficiently
dampen out. A saboted projectile is an undamped system, thus requiring a stress wave to traverse the
length of the penetrator numerous times before attaining a steady-state value approaching zero. Work
done investigating stress waves uirough bare rods showed that rise times greater than five times the transit
time, the time required for a pulse to trave] down the length of the penetrator and back, were of sufficient

duration 1o ensure sufficient damping of the stress waves (Bender 1989).

13 Following Page Intentionally Left Blank.
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Figure 11. Plots of acceleration profiles used as loading conditions.
Table 1. Acceleration Profile Parameters
Acceleration Time of Peak Time of Travel o
Case No. Peak Acceleration Acceleration Muzzle exit
(® (ms) (ms)
1 268,000 0.80 3.55
2 268,000 145 8.025
3 201,000 045 2.70
4 201,000 0.80 5.50
5 201,000 145 425

The acceleration proftles were resolved to pressure values every 25 ps, which determined the number
of ramped load steps used in the FE run. For instance, case 3 had a muzzle exit time of 0.0027 s, which
results in 108 load steps (0.0027/0.000025). The other important consideration for the transient analysis
was selection of an integration time step which is established by the selection of the number of iterations
per load step. The ANSYS code suggests guidelines to ensure the integration time step is sufficiently

small o resolve the motion of the structure, as well as account for possible wave propagation (Desalvo
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and Gorman 1989). Using the ANSYS criteria, a value of 0.1 ps was chosen as the integration ume step.

This then provided for 250 iterations per load step in the FE code.

Having decmed a very small time step necessary, it was decided to derive another FE model of the
projectite geometry utihizing a coarser grid to reduce the time required to perform a single analysis run.
The mode] was reduced from 733 clements to 287 clements and rerun with a quasi-static pressure load.
There was no appreciable difference in the stress contours between these two models, so the more coarsely

gnidded projectile was camicd forth for use in the transient analysis.

The five transient cases were run with a radial constraint applied along the entire boreriding surface
of both the sabot and armature. Stress plots of the projectile at the time of maximum cquivalent stress
are shown in Figures 12-16 for the five acceleration loading profiles. Ncither the sabot nor penctrator
reach values exceeding their respective yield values. The resuits of the transient analysis show agreement
within 2% of the calculated stress values for the quasi-static analysis runs. Again, it is noted that removal
of the radial displacement constraint would likely result in stresses exceeding the sabot matenal's yield

strength.

Depicted in Figures 16-21 are plots of the stress time history of an element located in the center of
the penetrator. These plots reflect the various rise and fall times of the acceleration profiles used as input.
It 1s noticed that cvery trace cxhibits an oscillatory response following the attainment of peak stress. To
determine whether this is a transient effect duc to the unloading of the current through the projectile or
an artifact of clement hour-glassing, it is nccessary to calculate the transit time, T, This transit time is

defined by

T = total penetrator length traversed
wave speed of the matenal

The wave speed for a material is expressed as yE/p . where E is the clastic modulus of the material

and p is its density. For the tungsten penctrator, this results in

(2) (3.865 in)

T - = 473p§
3
(44x10° psi) / \(———0'638“’"“/]" ‘
i 3864 j
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Figure 18. Stress history of penetrator element subjected to accelerator case 2.
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A comparison of the penetrator’s calculated wave transit time vs. the response frequency of the rod seen
in Figures 16-21, shows that the oscillations are much slower than the transit time and arc thus not
attributable to the transient dynamics of the unloading of the current pulse. It is believed that the

fluctuations in stress levels are a result of element hour-glassing effects.

6. CONCLUSIONS

This work laid out a methodology for the analysis of EM projectiles using conventional FE techniques.
A pressure loading on the rear of the armature was utilized to simulate the magnitude of the true
electromagnetic body force. An improvement to the technique would be to incorporate the FE capability
of applying forces directly to internal nodes of the modeled structure. There are currently scveral codes
written or under development which predict the current distribution through the armature
(Powell et al. 1993) whose results could be applied as input loads for the structural analysis. However,
the technique as demonstrated herc provides a relatively good approximation of the loading conditions and

is rather easy to implement.

The analysis effort points out the importance of applying realistic boundary conditions. Utilizing a
radial boundary constraint as typically done for the analysis of projectiles in conventional gun systems can
lead to a faulty design being deemed acceptable. Obviously, such an ermoneous conclusion could be
catastrophic. The separation of the rails inherent in the EM guns is of concem to projectile designers and
should be addressed in future analysis work.

Finally, while the transient analysis performed on the projectile during this investigation produced little
difference compared to the quasi-static cases, it is important that the EM projectile designer go through
the process of examining the dynamic loading effects. This becomes especially true as the rod length is
increased and the nise time is reduced, resulting in insufficient time for the oscillations of any stress waves
to decay away. Longer rods mean increased transit times which may lead to amplification of stresses as
they approach the rise time of the acceleration profile. While Bender's work with bare rods has shown
rise times in excess of five times to be of sufficient length to ignore the transicnt wave effects, others
working with saboted projectiles typically usc a factor of ten between the rise time and transit time before

ignoring the wave phenomenon (Hopkins 1993).
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APPENDIX:
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The EM projectile analyzed in this investigation does not have an axisymmetric cross section as scen
from Figure 2. It was desired to avoid having to use a three-dimensional element model to simplify both
the construction of the projectile geometry and the time required to solve the problem. The adopted
approach was 1o model the rear armature shown below (Figure A-1) as a cylinder with an equivalent mass.
Since only the rear 0.9 inch (2.29 cm) of the ammature is replaced by a cylinder of the same length, there

is no need to worry about a shift in the center of gravity.

The first step was to calculate the weight of the actual armature configuration. This required a
determination of the volume, and in tumn, the area of the cross section. The area was determined by
subtracting the area of the penetrator, A4, and the arca of above the flat, A, from the area of the full

cylinder, Ay, of radius 0.452 in (1.15 cm). The arcas are calculated as

A . TR 1r(0.4;2 in)’ . 0391 in?

o Iﬂ%?_i"_)z - 0.030 in?

A - % R2 (rad A - sin A) - %(0.452 in)2 (1.92 - 0.94) - 0.100 in?

seg

where rad A is the radian measure of angle A shown in Figure A-1 (Marks 1951).f Thus,

m-:tual : iAfull - Alod B Axg] meud ' (A-])
where L is the 0.9-in length and p_,,,, is the density of aluminum, 0.98 Ib/in>. Substitution of valucs into
equation A-1 yields a mass of 0.0168 1b (0.00076 kg). Division of this mass by the volume of the full

cylinder minus the rod volume will provide a density for the modificd armaturc geometry. That is,

' Marks, L. §. Mechanical Engineers' Handbook. New York: McGraw-Hill Book Company, Inc., 1951.
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_mass

s . A2
pfudge (Am i} Amd) L ( )

Again, substitution of values into equation A-2 gives a value of 0.064 1b/in> (1,770 kg,/m3) which is used

for the armature material in the geometry model.
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